PALPATION of the precordium has long been recognized to be of value in the diagnosis of congenital cardiac conditions resulting in hypertrophy of the right ventricle. A "hyperdynamic" movement, consisting of a brief but exaggerated thrust, is characteristic of an increased flow load as in atrial septal defect. A sustained lift or heave is to be found in systolic overload, as in pulmonary stenosis with intact septum. The relationship of this physical sign to the degree of outflow obstruction was emphasized by Abrahams and Wood' and by Yahini and associates.2 Graphic studies which would permit definition of the shape of displacement curves representing precordial activity over the right ventricle have, however, been sparse . ;I. 0---l P. P. ci .. 2. The ratio of outward to inward movement during ventricular systole (0/I) has been found normally to be less than 1.0. In a case of moderately severe pulmonary stenosis, as illustrated in figure 2 , the ratio of 0/I was 1.0, while in the severe case ( fig. 3 ) it was 3.5.
3 abnormal. When the stenosis is mild, the tracing is ordinarily normal.
Additional features of the precordial tracing in pulmonary stenosis are the following.
1. In all but a few patients with pulmonary stenosis an "a" wave, due to right ventricular filling following atrial systole, could be readily identified. This follows the P of the electrocardiogram by about 0.06 sec. In four patients with severe stenosis, it was very large, much larger than the "a" wave recorded in any normal child ( fig. 1 ).
2. The outward movement in pulmonary stenosis did not last until the pulmonic component of the second sound. Even in the cases that showed the greatest prolongation of outward movement, a steep decline was found in the tracing that had its onset at, or preceding, aortic closure.
3. In 20 of the 23 patients pulmonic closure and tricuspid opening could be identified in the same heart cycle on a multichannel recording. (Tricuspid opening corresponds with the bottom of an early diastolic trough in the precordial tracing.) In these patients the time from pulmonary closure to tricuspid opening averaged 0.030 sec. compared with an average in the normal children of 0.053 sec.
Discussion
The alterations in the patterns of precordial movement observed in pulmonary stenosis can probably be explained on the basis of changes in the behavior of the right ventricle secondary to the obstruction. In normal subjects and in mild pulmonary stenosis the ventricle behaves as a volume chamber as described by
Rushmer."1 The relatively narrow cavity of the right ventricle is contained between the two broad surfaces of the right ventricular free wall and the interventricular septum. Rushmer likens the action of the right ventricle "to that of the old-fashioned bellows used to kindle fires."
In pulmonary stenosis, the right ventricle alters its anatomy and its behavior and assumes the character of a pressure chamber. 4 Pulmonary stenosis. The tracing of precordial movement in the fourth interspace shows an early spike at the tine of the prominent ejection sound (X). The subsequent plateau ends abruptly at A2 rather than at the time of the much delayed P2 0.06 sec. later. left ventricle-and that the delay of P2 could be attributed to a relatively prolonged phase of protodiastole during which right ventricular pressure gradually falls below the low pressure in the pulmonary artery.
The very brief time interval (0.03 sec.) between the pulmonary component of the second sound in the phonocardiogram and the trough in the precordial tracing representing tricuspid opening reflects the low pressure in the pulmonary artery.7 After the pressure in the right ventricle has fallen below that existing in the pulmonary artery, permitting closure of the pulmonary valve, there is only a slight further drop in pressure required to reach a point where the tricuspid valve will open. The opposite of this situation is seen in pulmonary hypertension, where Hartman has demonstrated a lengthy interval between pulmonary valve closure and tricuspid opening. 7 The exaggeration of the "a" wave seen in pulmonary stenosis resembles that seen in the apexcardiogram in the presence of systolic overload of the left ventricle, such as in aortic stenosis, coarctation of the aorta, and hypertension. In myocardiopathy and ischemic heart disease the same type of increase in "a" wave is seen.8 In all these conditions, as in pulmonary stenosis on the right side, a modification in ventricular compliance associated with hypertrophied or diseased muscle probably is responsible for the alteration in atrial systole that produces the increased "a" wave.
The patterns noted in the tracings of precordial movement in pulmonary stenosis lack specificity. The exaggerated "a" wave, for instance, can be seen in pulmonary hypertension or tricuspid stenosis. The increase in height and elevation of the outward movement during ventricular systole that is seen in pulmonary stenosis is also a feature of pulmonary hypertension resulting from a variety of causes.
Complicating congenital anomalies resulted in distinct modifications in the patterns described above. Atrial septal defect, for example, in association with severe valvular pulmonary stenosis-a combination resulting in Circulation, Volume It might be expected that the abnormalities in the precordial curves would become manifest at a certain degree of severity of the obstructive lesion.2 In our records, when peak systolic pressures in the right ventricle exceeded systemic pressure, abnormal tracings were always found, according to criteria previously described for analysis of the ventricular complex. On the other hand, patients with mild obstruction (right ventricular pressure below 60 mm. Hg) had normal curves in six of seven patients. In the intermediate group, however, with moderate obstruction (peak right ventricular pressure 60 to 100 mm. Hg), there was not a predictable relationship between the absolute height of the pressure and the presence or degree of abnormality of the tracing. Perhaps this resulted because the peak systolic pressure at rest during catheterization does not adequately reflect the work of the right ventricle under varying conditions of flow and pressure outside the laboratory.
The accuracy of an analysis of the precordial tracing was compared with that of commonly used measures of severity of pulmonary stenosis, the phonocardiogram and the electrocardiogram (table 2) .
In the phonocardiogram, increased splitting of the second sound is known to occur in all but the mildest pulmonary stenosis. The degree of splitting during expiration is a useful index of severity. Figure 3 illustrates the effect of successful opening of a severely stenotic pulmonary valve on the tracing of precordial movement. The abnormal thrust of outward movement is seen to shorten in duration and diminish in relative height (0/I index) following the operation. The area index has likewise declined.
Studies of precordial movement in pulmonary stenosis provide information which, though nonspecific, is of use in estimating severity of the lesion, and in following its course. The usefulness of the method in differential diagnosis will be increased when further data have accumulated concerning the patterns found in other congenital malformations that result in right ventricular hypertrophy.
The method is not difficult to utilize but cannot be done profitably unless one is certain of the characteristics of his recording equipment and other sources of difficulties that are discussed in our previous paper on normal controls.9 Summary Twenty-three children with pulmonary stenosis were studied by means of displacement tracings taken over the right ventricle. The transducer was selected to pick up vibrations in the ultra-low frequency or palpable range. The patients were studied by cardiac catheterization and angiocardiography.
Criteria previously established for normal children were applied to the patients with pulmonary stenosis. These provide a measure of the duration and relative height of the outward movement associated with ventricular systole.
Recordings of precordial movement over the right ventricle in all of five children with severe pulmonary stenosis were abnormal by these criteria. Patients with mild pulmonary stenosis were normal in six of seven cases. An intermediate group (right ventricular peak pressures 60 to 100 mm. Hg) had abnormal records in seven of 11 instances. The "a" wave resulting from atrial contraction was exaggerated in severe pulmonary stenosis and was larger than normal in many of the mild and moderate cases.
Recordings of precordial movement in pulmonary stenosis, though nonspecific in morphology, are nevertheless useful as an index of severity of the lesion, in timing phases of the cardiac cycle, in following the progress of cases before and after surgical interference, and as a method of improving appreciation of palpable phenomena at the bedside.
